Isolated nuclei from mammalian cells contain a calcium-dependent endonuclease. The produced DNA fragmentation is a necessary step in the sequence of events resulting in apoptosis (programed cell death). We report here that zinc and cadmium inhibit the calcium-dependent endonuclease. The essential metal ion zinc may counterbalance the calcium-mediated apoptosis. In contrast to zinc, cadmium alone stimulates the endonuclease by replacing calcium. Thus cadmium exerts a dual effect: micromolar concentrations inhibit the apoptotic endonuclease in the presence but activate the enzyme in the absence of calcium. -Environ Health Perspect 1 02(Suppl 3):269-271 (1994).
Introduction
Apoptosis, a cellular suicide process, has recently attracted much interest. It shows specific morphologic and biochemical features that are distinct from the pathologic cell death necrosis. The characteristic condensation of the chromatin that occurs during apoptosis has been linked to the activation of an endonuclease that cleaves the DNA at internucleosomal linker regions in fragments of approximately 200 base pairs (1, 2) . The classic example for this type of DNA degradation is found in the apoptotic thymocyte after glucocorticoid treatment (2, 3) . A sustained increase in cytosolic calcium levels has been demonstrated to stimulate both endonuclease activation and cell death (4) . Pretreatment with intracellular Ca-chelators blocks this process (5) , but the Ca2+ ionophore A23187 stimulates apoptosis in thymocytes (6) . It is obvious that nuclei contain a constitutive Ca2+-dependent endonuclease, which can be activated by incubation of the nuclei with micromolar free Ca + concentrations (1) .
Zinc is the preferential Ca2+-dependent endonuclease blocker. In different cell culture systems (7) (8) (9) (10) (11) and in vivo (12, 13) zinc inhibits the apoptotic cell death.
Spontaneous apoptosis is greatly increased in cells depleted of zinc in vitro (13 EDTA, 0.5% (w/v) Triton X-100, pH 8.0).
Samples were centrifuged for 20 min at 27,000 xg to separate the intact chromatin (pellet) from the fragmented DNA (supernatant). The supernatants were decanted and the pellets were resuspended in 4 ml of 10mM Tris-HCI, 1mM EDTA, 0.2% SDS, pH 8.0. Pellet and supernatant fractions were assayed for DNA content with the diphenylamine reaction (14) .
Buffering ofFree Ion Concentrations
Free ion concentrations were adjusted in standard incubation medium. The appropriate total concentrations of Ca , Zn2, Cd2+, Ni2+, or Hg2+ required to achieve the desired free ion concentrations were calculated by the computer program SPECS of Fabiato (15) . Absolute stability constants were taken from Smith and Martell (16) .
Gel Electrophoresis
The fragmented DNA was lysed with proteinase K (100 mg/ml, Boehringer Mannheim, Mannheim, Germany) and 1% SDS for 1 hr at 37°C. Thereafter the DNA fragments were extracted sequentially with equal volumes of phenol, phenol:chloroform ( (Figure 2 ). Incubation of nuclei with varying concentrations of zinc resulted in an inhibition of the Ca2+-induced DNA fragmentation. Cadmium, an element that reacts in a manner closely related to zinc (e.g., the ability to substitute for zinc in some zinc enzymes), also displayed an inhibitory effect on the 2+ Ca -dependent DNA fragmentation. centrations (100 pM). The influence of calcium on the inhibitory effect of zinc is demonstrated in Figure 3A . In the presence of 100 pM free Ca2+ there was less inhibition 2+ than in the presence of 10 pM free Ca .
In contrast to zinc, cadmium acted almost 2+ independent of the concentration of Ca .
It showed nearly the same degree of inhibition in the presence of 100 pM and 10 pM free Ca2+ ( Figure 3B ).
We further investigated whether divalent Ni2+, Zn2+, and Hg2+ did not exhibit any DNA fragmentation in isolated bovine liver nuclei at a concentration of 10 pM free ions (Figure 4) . Also, at concentrations up to 500 pM, zinc did not stimulate DNA degradation in this system. Presuming that the DNA fragments found after incubation with Cd2+ depend on the activation of the endonuclease, we separated the fragments by agarose gel electrophoresis. Figure 2 shows the isolated DNA fragments in a 1.8% agarose gel displaying the expected ladder pattern in the case of activation by 100 pM Ca2+ or 10 pM Cd2+. In contrast, a nearly complete inhibition of the DNA fragmentation by 10 pM free Cd2+ is observed in the presence of 100 pM free Ca2+ although 10 pM Cd2+ without Ca2+ had an activating effect.
Aurintricarboxylic acid, a potent inhibitor of nucleases, protected nuclei from Ca2+-induced DNA fragmentation even by 100 pM free Ca +. This action has been described for whole cells (6 (17, 18) . Gaido and Cidlowski (17) reported the inhibition by zinc of the pure isolated endonuclease. Alternatively, the interactions between zinc and phosphate groups of the DNA stabilize the macromolecular structure, as described by Koizumi and Waalkes (19) . The modification of the chromatin structure by polyamines can prevent DNA fragmentation and apoptosis in thymocytes (20 Figure 3A,B) , the kinetics differ. This is a further indication for an inhibitory Cd2+ binding site, distinct from the Ca2+site for and the probable zinc binding site on the endonuclease.
Investigations of toxic effects of heavy metals should take into consideration cell death and interference with the regulation of cell survival.
